The indistinguishability of single photons emitted by QDs is determined by the ratio of the dephasing time T 2 to the radiative lifetime T 1 ; close to Fourier-transform-limited coherence with T 2 =2T 1 is required for acceptable gate fidelities in QIP applications. This benchmark is not achieved when the dots are excited above the band gap or quasi-resonantly in the p-shell 10, 13, 17 , when pure dephasing processes on a timescale T 2 * limit the coherence through T 2 -1 =(2T 1 ) -1 +(T 2 *) -1 (1). To achieve high indistinguishability under p-shell excitation, it is possible to decrease T 1 via cavity coupling5. On the other hand, resonant excitation of the fundamental s-shell exciton transition reduces the dephasing 13,10 as a result of the reduction in electrostatic environmental fluctuations and elimination of incoherent phonon assisted relaxation 10, 13, 18 . Moreover, resonant excitation combined with RF provides a means for the manipulation and read-out of QD spin-qubit states 19 . This requires long QD coherence both for the spin-qubit control and for the indistinguishability of the 'flying' photonic qubits. The establishment of RF techniques and the improvement of the coherence they provide is thus of major importance for several applications in quantum information processing.
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RF into free space was first observed from a QD in 2007 20, 21 and is now an established technique in several laboratories around the world. However, the detection of RF in a linear optical quantum circuit poses new challenges. In principle, the waveguide geometry provides a convenient method to separate the stray laser photons with Poissonian statistics from the RF: the RF photons propagate perpendicular to the laser allowing the excitation and collection spots to be spatially separated.
Moreover, the polarisation of the excitation laser can be set to be orthogonal to the one supported by the waveguide, which further suppresses the laser photons. However, in practice the presence of etched surfaces can cause stray laser scattering that may obscure the RF signal. Moreover, the proximity of the surfaces can have an adverse effect on the QD coherence through the fluctuating charges 22 associated with surface states.
In this Letter we report the first experimental observation of resonance fluorescence from a QD coupled efficiently to a single-mode waveguide in a photonic chip. The device consisted of a single self-assembled InGaAs quantum dot embedded within a single-mode, suspended vacuum-clad GaAs waveguide with an out-coupler at its end for efficient photon extraction 23 . (See sample details in the Methods section.) The QD was excited resonantly by a tuneable single-frequency diode laser and the RF was detected by a single-photon-detection-system (SPDS) after propagating ~10 µm along the single-mode waveguide to the out-coupler, as shown schematically in Figure 1 . The suppression of the stray laser resonant light by both the intrinsic geometry and the polarization filtering enabled an RF signal to laser background ratio of S/B ~ 10 2 to be achieved. In this way we have been able to detect anti-bunched RF photons with enhanced coherence when using a continuous wave (CW) laser, and on-demand triggered single RF photons with a pulsed laser. The linewidth observed in Fig. 2 is not Fourier-transform-limited and the coherence time T 2 extracted from the FWHM was ~240 ps, significantly shorter than the radiative lifetime T 1 = 1.2 ± 0.1 ns (see Fig. 3c ). We attribute the broadening to fluctuations in the QD electrostatic environment that lead to spectral diffusion 24 on a time scale faster than the scanning rate of the resonant laser, in agreement with auto-correlation measurements presented below. The smallest linewidth observed for QDs in the bulk of the wafer wasμeV (~1.5 GHz, T 2 ~ 365 ps), which is larger than the best values reported for dots embedded well below the surface (see e.g. ref 15
). In our sample the short distance of ~70 nm to the surface may have an adverse effect on the bulk linewidth, although broadening due to local defects and impurities cannot be ruled out 25 . However, the similarity of the QD linewidth in the waveguide and the bulk suggests that the charge fluctuations leading to broadening depend mainly on the wafer and not on the processing. It should be noted that the adverse effect of slow charge fluctuations can, in principle, be reduced by implementing a fast scanning technique 26 or by locking the QD resonance to an external frequency reference 27 .
The QD coherence was further investigated by using Michelson interferometer techniques. The first-order correlation function g (1) (τ) is shown in Figure 3a . Under non-resonant excitation, the g (1) (τ) data fitted to a Gaussian function as expected for inhomogeneous broadening yielded T 2 = 154 ± 5 ps.
Under resonant excitation the g (1) (τ) data changed to the exponential decay characteristic of homogeneous broadening, and the value of T 2 increased by more than four times to T 2 RL = 640 ± 40 ps . Fourier transforms of the fitted g (1) (τ) functions are plotted in Fig.3b . A clear transition from inhomogeneous broadening (Gaussian linewidth with hμeV,GHz) under non-resonant pumping to homogeneous broadening (Lorentzian linewidth with hμeV, 0.5GHz) under resonant excitation is observed 28 . The slightly larger linewidth in Fig. 3b compared to the scanning RF experiment in Fig. 2 suggests that the additional carriers associated with non-resonant excitation do cause some additional broadening due to increased charge fluctuations.
However, the main point is that when the laser is tuned to resonance with the QD, a substantial increase in the coherence time is observed. In these conditions, the ratio of coherent photons to the total signal emitted by the QD is given by T 2 /2T 1 14 . The value of T 1 was determined by time-resolved photoluminescence measurements to be 1.2 ± 0.1 ns (see Fig. 3c ), which implies that the coherent ratio in our experiment was ~27%, and the pure dephasing time T 2 * calculated from equation (1) Hanbury Brown and Twiss (HBT) measurements were performed to investigate the statistics of the RF photons. The two-photon correlation function g (2) () was first measured for the QD exciton photoluminescence (PL) generated by non-resonant excitation with power P nrl close to the saturation level P sat (see Fig.4a ). A clear anti-bunching dip was observed with a fitted value of g (2) To demonstrate deterministic on-demand operation for the QD single-photon source we performed RF experiments using a pulsed laser with 9 ps pulse duration and 80 MHz repetition rate (see Methods). The signal emitted from the out-coupler was filtered with a spectrometer and integrated over the QD linewidth while scanning the pulsed laser intensity. The results presented in this Letter confirm the potential for using RF from QDs as enhanced coherence single-photon sources in quantum photonic circuits. Moreover, the ability to control the QD frequency in a photonic structure via the Stark effect 12 and lock it to the laser 27 opens a route to building arrays of QDs emitting identical photons into complex quantum photonic circuits.
Furthermore, by synchronising the photons to a pulsed laser 10 , deterministic on-demand emission should be possible. At the same time, the issue of spectral diffusion will need to be addressed before the technique can be widely implemented. The environmental fluctuations broaden the QD linewidth and hence limit the resonant photon flux. The most likely solution would be to optimise the crystal growth and device processing to provide quantum dots in a reduced charge fluctuation environment with linewidths close the Fourier-transform-limit 26 .
In summary, we have demonstrated an on-demand single-photon source integrated into a single-mode waveguide under resonant excitation -a key step towards realizing scalable quantum-optical circuits.
The measured coherence time was enhanced by a factor of four compared to off-resonant pumping, and the single photon nature of the RF was verified by HBT measurements. The HBT results also showed an unexpected bunching effect with a characteristic timescale of ~4ns, which is attributed to spectral diffusion 24 due to environmental fluctuations. The coherent nature of the RF signal was confirmed by observing Rabi oscillations under pulsed excitation. Fig.S2 ).
METHODS

Sample
Experimental Set-up. All measurements were performed in a home-built system composed of a helium bath cryostat at T = 4.2 K with ultra-stable positioning control provided by X,Y,Z piezo-stages. The cryostat insert had optical access to the sample in a confocal microscope arrangement. The excitation and collection spots were below 1 m in diameter and could be separately moved by more than 10 m by scanning mirrors to obtain the exact geometry required for each experiment. For details of the experimental set-up see the Supplementary Section 1.
RF techniques. RF signals were only obtained when the sample was simultaneously excited non-resonantly above the GaAs band gap by an additional CW laser operating at 808 nm. The excitation power P nrl was kept well below the saturation power of the QD exciton transition P sat , with typical values of P nrl ~ P sat /50 being used. As previously observed by other groups, this weak non-resonant excitation provides only a small contribution to the total QD signal while helping to keep the QD states stable for resonance fluorescence by reducing the charge fluctuations 33 . The RF signal was detected by an avalanche photodiode after having been filtered through a monochromator in order to remove scattered photons from the non-resonant laser. In this way an overall signal to background ratio of S/B ≈ 10 was typically achieved. The S/B ratio determined by the background from the resonant laser alone was ≈ 90, but the lower value measured in the RF experiment is caused by the higher background measured when the non-resonant laser is present.
In the Hanbury Brown and Twiss (HBT) experiments, the output of the monochromator was sent to a 50:50 fibre beam splitter connected to two avalanche photodiodes (APDs) and a single-photon counting card. When using above-band excitation, the incoherent QD photoluminescence filtered through the spectrometer was used instead of the RF signal.
In the CW RF experiments, a scanning single-frequency diode laser was used with a scan rate of 400MHz/s. The scan was repeated several times and the signal was recorded every 0.5 seconds. The resonant laser was attenuated to a power level below saturation deduced from RF power dependence The resonantly-emitted photons were collected from the out-coupler and sent to the spectrometer with a CCD detector. The integrated intensity at the QD line was plotted as a function of the optical field amplitude after the residual background from the laser that was linear in power had been subtracted.
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We thank D.N.Krizhanovskii for fruitful discussions. This work has been supported by the EPSRC Programme Grant EP/J007544/1. , and a tuneable mode-locked titanium-doped sapphire (Ti:S) laser to provide pulsed resonant excitation. The bandwidth of the pulses from the Ti:S laser could be controlled by means of a pulse shaper following the design in [s3] . As explained in the main text, the polarization of the resonant excitation lasers was set to be orthogonal to the TE mode.
FIGURES AND CAPTIONS
Crossed polarizers were included in the excitation and collection paths to increase the suppression of stray resonant laser photons. This leads to suppression of stray scattered laser light both by polarisation filtering with laser extinction ratio ER P~1 0 3 and by the intrinsic waveguide geometry due to the separated excitation and detection spots, with spatial selectivity extinction ratio ER S~1 0 3 . The collection fibre was connected to a spectrometer with two output ports. A charge-coupled device (CCD) detector was mounted on the first port and was used for QD PL characterisation and in the pulsed RF experiments (data in Fig. 5 ). The other output port was used to direct the spectrally filtered QD signal to one of three measurement set-ups: a single avalanche photodiode (APD) for scanning RF experiments (data in Fig. 2) ; a Michelson interferometer (data in Fig. 3) , and a Hanbury Brown and Twiss (HBT) set-up (data in Fig. 4 ). The signals from the APDs were sent to a single-photon-counting-module (SPCM) controlled by a laboratory computer (PC). The QD lifetime (data Fig. 3c ) was measured with a single APD after excitation at 850nm from the pulsed Ti:S laser.
2.
GaAs single-mode waveguide characteristics: FDTD simulations results. 
QD count rate in RF.
The QD RF spectrum is plotted in Fig. 2 of the main article along with the background contributions.
From the peak RF intensity of ~3500 c/s we estimate that the quantum dot provides ~10 6 photons•s -1 into the waveguide on-chip for the below saturation conditions employed (Ω ≈ 0.5 GHz < Ω SAT ≈ 1/√2T1 ≈ 0.6 GHz). This value is deduced from the collection efficiency of the sample geometry and set-up, which is estimated to be 0.5% (quantum efficiency of APD ~30%, waveguide coupling ~50%, out-coupler ~50%, beam splitter ~50%, fibre coupling loss ~50%, monochromator filtering ~25%). The background contribution is relatively small with ρ=0.89 but it makes a significant correction to the g (2) (τ) values as it enters to the second power in equation (S1). Following the above procedure and using the raw data in Fig. S3a we obtain normalised data (see Fig. 4a Raw data for the autocorrelation under resonant excitation is shown in Fig. S3b . Normalisation of the data was performed with background subtraction using equation (S1) and ρ=0.82. This normalized data with high frequency noise removed is presented in the main article in Fig. 4b . The background shown by the black points was recorded when the resonant laser was detuned from resonance by δ ≈ 3 GHz . The statistics of the background is dominated by the experimental background (mainly the APD dark currents) and has the expected Poissonian form with g (2) (τ)=1.
A clear difference between non-resonant and resonant excitation is observed in g (2) (τ) when Rabi oscillations in the g (2) ( τ ) function [s7] ; (ii) the additional weak non-resonant laser; and (iii) spectral diffusion. The effect of Rabi oscillations can be calculated from the equation for g (2) (τ) in The additional weak non-resonant laser also could modify the photon statistics. The QD could be active or passive depending on the rate of capture and release of an additional charge. However, these processes are expected to occur on slow micro-second time scales [s8], and therefore cannot explain the much faster bunching observed in our g (2) (τ) data.
We thus conclude that the bunching is caused by spectral diffusion, which can contribute significantly in resonance fluorescence experiments when the QD linewidth is inhomogeneously broadened and the resonant laser linewidth is significantly smaller [s9]. In order to fit the normalised data for g (2) (τ) in RF with the bunching effect included we add an exponential decay function to the equation for g (2) (τ) following [s7] : g (2) (τ)= 1 -exp ( 
